The chronic survival and differentiation of the conditionally immortalized neuronal cell line, RN33B, was examined following transplantation into the adult and neonatal rat hippocampus and cerebral cortex. In clonal culture, differentiated FiN33B cells express ~75~~~ and trkB mRNA and protein, and respond to brain-derived neurotrophic factor treatment by inducing c-fos mRNA. Transplanted cells, identified using immunohistochemistry to detect S-galactosidase expression, were seen in most animals up to 24 weeks posttransplantation (the latest time point examined Spontaneous regeneration in the mammalian CNS is limited, so injury or disease usually results in permanent loss of function. Neural transplantation is one potential therapeutic approach to restore function in the injured, degenerating, or aging CNS (Bjorklund, 1991; Emerich et al., 1992) . Transplanted fetal CNS tissue can integrate within the host brain and promote functional recovery in animal models of neurodegenerative disease (Perlow et al., 1979; Bjorklund and Stenevi, 1984; Gash et al., 1985; Segal et al., 1986; Lindvall et al., 1990) . However, the use of fetal tissue for transplantation is complicated by logistical, immunological (Seiger, 1985; Widner and Brudin, 1988) , and ethical (Hoffer and Olson, 1991) considerations. Several alternative cell types have been used in various transplantation paradigms including peripheral neurons (Freed et al., 198 l) , PC12 cells (Jaeger, 1985) , and neuroblastoma cells (Gash et al., 1986; Kordower et al., 1987) . However, these cells have not survived or have proved tumorigenic. An alternative source of donor cells is genetically modified cells which can be engineered to secrete specific neurotransmitters or trophic factors to replace a lost or defective function (Gage et al., 1987 . Genetically engineered cells have been transplanted after specific CNS lesions and in some cases ameliorate functional deficits (Horellou et al., 1990; Fisher et al., 1991) . However, non-neuronal cells are limited in the extent to which they can integrate into the host neuronal circuitry. Several approaches to the development of immortalized neuroepithelial cell lines of CNS origin have been undertaken (Cepko, 1989; Gage et al., 1995; Whittemore et al., 1995) . Results from transplanting such cell lines into the neonatal CNS suggest that immortalized pluripotent cell lines undergo both neuronal and glial differentiation that is dependent upon their location in the host tissue (Renfranz et al., 1991; Snyder et al., 1992; Gao and Hatten, 1994) . Importantly, the neuronally differentiating cells sent projections to appropriate target sites and formed synapses with host-derived afferent fibers. A recent study demonstrates that engraftment of neural progenitor cells genetically engineered to secrete B-glucuronidase corrects the lysosomal storage disorder throughout the MPS VII mouse brain (Snyder et al., 1995) , but this did not require the transplanted cells to differentiate with a neuronal phenotype. If immortalized CNS cell lines are to be used therapeutically as donor material to replace lost neurons, it may be advantageous for specific applications that they are restricted to a neuronal lineage in viva. This is of importance in allogeneic grafts, as neuronal differentiation of CNS precursor cell lines results in down regulation of cell surface molecules necessary for recognition by cytotoxic T-lymphocytes (White et al., 1994) .
The conditionally immortalized cell line, RN33B, constitutively differentiates only with neuronal properties and does not demonstrate any non-neuronal phenotypes . In initial studies, demonstrated that at two weeks posttransplantation into the adult rat hippocampus and spinal cord some RN33B cells morphologically differentiated with multiple neutitic processes. In the present study, we describe the developmental capacity of RN33B cells and their ability to respond to local microenvironmental cues following chronic transplantation into various regions of the adult and neonatal CNS.
Materials and Methods
Animals and chemicals. Timed-pregnant and adult female Lewis rats (175-200 gm) were purchased from Charles River Laboratories (Wilmington, MA). Rabbit polyclonal antisera to P-galactosidase (P-gal) was obtained from 5 Prime-3 Prime, Inc. (Boulder. CO); normal rabbit serum and Vectastain ABC kits were purchased from Vector Laboratories, Inc. (Burlingame, CA). Fluorescein di-@-D-galactopyranoside (FDG) was purchased from Molecular Probes, Inc. (Eugene, OR).
Cell culture. RN33B cells were grown at permissive temperature (33°C) as described previously .
Preparation of RN33B cells for transplantation. Prior to transplantation, undifferentiated RN33B cells were labeled in vitro by retrovirusmediated transfer of the E. coli Lac Z gene as described (Shimohama et al., 1989; . Cells were then incubated with FDG, and P-galactosidase immunoreactive (P-gal-IR) RN33B cells enriched by fluorescent activated cell sorting (Nolan et al., 1988; Whittemore and White, 1993) and expanded. Using this method, over 80% of the RN33B cells were P-gal-positive as detected histochemically or immunohistochemically.
When roughly 80% confluent, proliferating RN33B cells were washed with ice-cold PBS containing 0.5 mu ethylenediaminetetraacetic acid (EDTA), gently scraped in PBS containing EDTA, pelleted at 1500 rpm for 3 min, and resuspended in ice-cold, sterile Earl's balanced salt solution (EBSS). The pellets were washed twice and resuspended in EBSS at a density of 100,000 cells/p,1 and stored on ice until use. Only cell suspensions demonstrating greater than 80% viability, as determined by Trypan blue exclusion, were used for transplantation. RN33B cells express RTl.Adc haplotypes at the class I major histocompatibility complex (MHC) A locus (White et al., 1994) while Lewis rats are RT1.A' (Gill et al., 1987) . Thus, these are allogeneic cell transplants. At the conclusion of the transplantation procedures, the viability of the suspended cells was reassessed and was always 270%. For control transplants, a cell suspension of lysed (nonviable) RN33B cells of similar density was prepared by five repeated cycles of freezing and thawing.
Transplantation of RN33B cells into adult and neonatal brain. Adult rats were anesthetized by intraperitoneal injection of Equithesin (0.3 ml/100 gm body weight), prepared for surgery, and placed in a stereotaxic instrument (Narishige, Scientific Instument Lab.). Postnatal day 5 female Lewis rats were anesthetized by placing them on ice for 6 min and then maintaining hypothermia during the injection into one hemisphere using a stereotaxic instrument. After craniotomy, the exposed dura was cut over the transplantation site. Each animal received a unilateral injection of 1.0 ~1 of RN33B cell suspension ( lo5 cells) into the hippocampus, white matter, and cerebral cortex along one injection track in the right hemisphere. The stereotaxic coordinates used were initially determined from cresyl violet stained cryostat sections of agematched animals. The transplants were placed 1.7 mm lateral to midline, 2.1 mm posterior to bregma, and 2.0 mm below the dura. In adult rats, the transplantation site was 3.0 mm lateral to midline, 4.0 mm posterior to bregma, and 1.5-3.0 mm below the dura. Stereotaxic coordinates were derived according to Paxinos and Watson (1986) . Cell suspensions were slowly injected with a 10 )*l Hamilton syringe over a period of 5 min. The needle was left in place for another 5 min and then slowly pulled up. Because of the backflow of some of the cell suspension while pulling up along the needle track, the precise number of RN33B cells injected into each site was difficult to establish. A total of 38 adults and 48 neonates were used (Table 1) . No difference was observed between transplants into female rats and those into male rats in an earlier study .
All surgical procedures were carried out in strict accordance with the Laboratory Animal Welfare Act, Guide for the Care and Use of Laboratory Animals (NIH, DHEW Pub. No. 78-23, Revised, 1978) only after review and approval by the Animal Care and Use Committee of the University of Miami School of Medicine.
P-Gal immunohistochemistry. After variable survival times (1, 2, 5, 8, 16, and 24 weeks) following RN33B cell transplantation, animals were deeply anesthetized, and then transcardially perfused with Ca*+-free Tyrode's solution followed by a modified Zamboni's fixative containing 4% paraformaldehyde and 10% picric acid in PBS, pH 6.9. Brains were removed, postfixed for 90 min in the same fixative and kept overnight at 4°C in PBS (pH 7.4). Brains were blocked for coronal sectioning through the transplanted region. Serial 50 )*.rn sections were cut on a vibratome and stored at 4°C in PBS until further processing. Floating sections were processed for P-gal immunoreactivity as previously described . Quantitative analysis of the morphological difSerentiation of transplanted RN33B cells. Every sixth 50 p,rn vibratome section through the transplant site (12 sections per animal) was processed for P-gal immunohistochemistry. Transplanted P-gal-positive RN33B cells were quantified using an IMAGE-1 image analysis system (Universal Imaging Corp., West Chester, PA). Sections were observed by light microscopy at low magnification (50X) to localize the the integration site of the transplant (neocortex, hippocampus, or white matter). A grid, covering 1.98 mm2, was overlaid on the low magnification image of the region of interest. Each square was analyzed at higher magnification (200X) to count P-gal-IR cells and assess the degree of morphological differentiation of detected cells in terms of shape of the cell body, the number of processes that these cells extended, and the pattern and orientation of these processes. Only labeled cells where a nucleus and a cytoplasm could be seen were included in the quantitative analysis. Transplanted RN33B cells with sheath-like somas in which a nucleus and cytoplasm, but no processes, were seen were classified as undifferentiated. Cells with an ovoid or spindle-shaped cell body and 52 processes were classified as bipolar, while cells with 23 processes and cell bodies with variable morphologies were classified as multipolar. p-gal-IR multipolar cells in the neocortex were classified as pyramidal cells if they had triangular or ovoid cell bodies and a long apical neuritic process extending towards the apical surface and two long basal processes or as stellate cells if they had polymorphic cell bodies and four or more long processes extending radially from the cell body. The criteria used to categorize the labeled cells were based on earlier descriptions of cortical cells stained by the method of Golgi (Ramon y Cajal, 1988) . In the hippocampus, P-gal-IR cells were classified as CA3 pyramidal cells if they were located in the pyramidal cell layer of the CA3 region, had large, angular cell bodies with abundant cytoplasm that tapered into one or two apical processes, a small number of wide basal processes and had appropriate structural polarity. Cells were characterized as CA1 pyramidal cells if they were located in the pyramidal layer of the CA1 region, had appropriate structural polarity, had small cell bodies, but otherwise had charateristics similar to CA3 pyramidal cells. P-gal-IR cells located in the granular cell layer that had small round or ovoid cell bodies, unipolar neuritic arbors, and lacked basal processes were classified as granular cells. The classification criteria used are based on Figure 1 . Variable morphologies of P-gal-IR RN33B cells transplanted into the hippocampal formation. Bright-field photomicrographs of p-gal-IR RN33B cells in coronal sections of the hippocampus. a, Photomicrograph of the rat hippocampal formation. Abbreviations: fields CAl-3 of Ammon's horn (CAI-CA3), granular cell layer &cl), hilar region (H), and the hippocampal fissure (HF). b, A bipolar P-gal-IR RN33B cell (arrow) in the stratum lacunosum-moleculare, and undifferentiated P-gal-IR cells (arrowheads). c, Undifferentiated RN33B cells surrounding a blood vessel (bv) and lining the lateral ventricle (V). d, Undifferentiated RN33B cells in the stratum lacunosum-moleculare above the hippocampal fissure. P-gal-IR RN33B cells with their cell bodies embedded in the pyramidal layer of CA1 (e) and CA3 (f) had somewhat ovoid or angular cell somas with abundant cytoplasm that tapered into an apical process extending through the stratum radiatum (sr) and into the stratum lacunosum moleculare (slm). In the lacunosum moleculare layer, many secondary and tertiary branches are observed. The basal processes exit from several places along the base of the perikaryon into the stratum oriens (s-o). g, P-gal-IR RN33B cells with ovoid cell bodies embedded in the gel, with processes extending from the apical end of the cell bodies. At the base of the cell body, one cell has a fine process extending toward the hilar region. h, P-gal-IR RN33B cell body embedded in the pyramidal layer of the subiculum (sub), extending an apical process and two basal processes with multiple branches. Scale bars: b,g,h, 50 p.m; c-A 100 p.m. The age of host and the intervals between transplants and histology are adult and 5 weeks in b and d; neonate and 2 weeks in c and e; adult and 8 weeks in f, neonate and 16 weeks in g; neonate and 5 weeks in h. detailed descriptions of Golgi-impregnated hippocampal neurons in situ (Bayer, 1980; Gahwilar, 1984; Frotscher et al., 1988) .
An estimate of the number and extent of differentiation of the transplanted RN338 cells was made by counting all p-gal-IR cells in all sections processed per animal, and categorizing these cells into the different cell types by location, morphology, and structural polarity. These data were used to calculate the percent of the total cells detected that assumed differentiated neuronal morphologies. An exact count of the number of surviving RN33B cells can not be made as not all transplanted RN33B cells were P-gal-IR prior to transplantation (~80% expressed p-gal immunoreactivity) and down regulation of P-galactosidase expression from viral LTRs in viva may occur (St. Louis and Verma, 1988; Palmer et al., 1991; . However, similar cell suspensions were used for all animals and these quantitative data can be used as estimates to compare the effect of the age of the host and the survival time posttransplantation on the number of detected RN33B cells and the percentage of differentiated cells.
Results
Survival of transplanted RN33B cells Following transplantation into adult and neonatal CNS, surviving RN33B cells were detected using P-gal immunohistochemistry. Even though the cell concentration, volume transplanted, and coordinates of transplant were kept constant across experiments, the number and position of the transplanted RN33B cells varied from animal to animal. RN33B cell transplants were found in 100% of adult rats that survived for up to 2 weeks. At longer posttransplant survival intervals, 4-24 weeks, the efficiency of successful transplantation ranged from 33-100% (Table 1). RN33B cell transplants were found in 90% of the neonates that survived for up to 2 weeks posttransplantation. At a t b Figure 2 . Variable morphologies of P-gal-IR RN33B cells transplanted into the cerebral cortex. Bright-field photomicrograph of P-gal-IR RN33B cells in a coronal section of the cerebral cortex. a, P-gal-IR RN33B cell with a pyramidal cell body (arrow), a large apical process extending towards the pial surface and branching basal processes. A fine process can be seen extending from the basal surface towards the white matter. A P-gal-IR RN33B cell with an ovoid cell body and an apical process can be also seen. b, A RN33B cell with a polygonal cell body and five divergent branched neuritic processes. c, Bipolar RN33B cells in the corpus callosum. Scale bars: a and b, 50 pm; C, 100 pm. The age of host and the intervals between transplant and histology are adult and 2 weeks in a; neonate and 16 weeks in b; neonate and 2 weeks in c.
survival intervals of 5-16 weeks, the efficiency of successful transplantation ranged from 40-67%. RN33B cells can survive up to 6 months posttransplantation in nonimmunosuppressed, histoincompatible adult and neonatal rat hosts (see Fig. 4a ,b).
Morphological classiJication of transplanted P-gal-IR RN33B cells
Nearly all of the transplanted, RN33B P-gal-IR cells were found in the neocortex, subadjacent white matter, and hippocampus, although a few cells were also detected in the diencephalon, in the lining of the lateral ventricles, or within the meninges overlying the cortical injection site. In the hippocampal formation, P-gal-IR cells assumed variable morphologies depending on their location within the cellular layers of the hippocampus or hippocampal parenchyma (Fig. 1) . The cells varied in size and shape of the cell soma and pattern of neuritic outgrowth. At early time points, undifferentiated P-gal-IR cells with sheathlike cell somas and no processes were found within all regions and layers of the hippocampus (Fig. Id) and around blood vessels (Fig. lc) . Other P-gal-IR cells within the lacunosum molecular layer, radiatum layer, and dentate gyms had bipolar morphologies (Fig. lb) . P-gal-IR cells located in the hippocampal fissure and lining the ventricles assumed both undifferentiated and bipolar morphologies. Most of the P-gal-IR cells whose somata were embedded in the pyramidal layer of CA1 (Fig. le) or CA3 (Fig. lf) had somewhat angular cell somas with abundant cytoplasm that tapered into an apical process extending through the stratum radiatum and into the stratum lacunosum molecular; many secondary and tertiary branches were seen. In addition, basal processes exited from several places along the base of the perikaryon and repeatedly branched in the stratum oriens. In the granular cell layer of the dentate gyms, P-gal-IR cells displayed a characteristic monopolar, conically shaped field of processes extending from the apical end of an ovoid cell body to fan out in the host molecular region (Fig. lg) , which is the dendritic field of the dentate gyrus granular neurons. In the subiculum, some P-gal-IR cells also had pyramidal morphologies (Fig lh) .
In the cerebral cortex, P-gal-IR cells that assumed neuronal phenotypes were classified as pyramidal-like (Fig. 2~2 ) or stellate-like (Fig. 2b) cells. Some cortical P-gal-IR cells had ovoid or pyramidal cell bodies, a large apical process extending towards the pial surface and branching basilar processes. In some cells (arrow in Fig. 2a) , a small caliber process extended from the basal surface towards the white matter. These processes may be axons, since the axons of pyramidal neurons have a smaller diameter than their dendrites. Such P-gal-IR RN33B cells were dispersed through layers II-VI of the cerebral cortex. Other P-gal-IR cells were polygonal or stellate in form and had four or more divergent branched varicose processes extending in all directions (Fig. 2b) . These cells were few in number, and were seen in layer I underneath the pial surface or in layer VI above the corpus callosum. In white matter, at all intervals posttransplantation, P-gal-IR cells were either morphologically undifferentiated or bipolar, with a spindle-shaped cell body and unbranched short processes extending from opposite sides of the cell soma (Fig. 2~) . No P-gal-IR cells were detected in animals that received lysed RN33B cells (data not shown).
Time course of survival and d@erentiation of RN33B cell transplants in adult hippocampus
In the hippocampal formation, P-gal-IR RN33B cells were found within all regions and layers of the hippocampus spanning 1.8-2.5 mm (anterior-posterior dimension) and 0.8-I 5 mm (mediallateral dimension) from the injection site. At 1 week posttransplantation, the majority of P-gal-IR cells were aligned along the needle track (Fig. 3a) and assumed undifferentiated morphologies. Some of the P-gal-IR cells located in field CA3 exhibited some morphological differentiation with ovoid cell bodies and an apical process (arrows in Fig. 3b) . At 8 weeks posttransplantation, many of the detected P-gal-IR cells were located in the hilar and CA3 region. These cells were morphologically differentiated with elaborate processes and extensive branching (Figs.  3c,d ). P-gal-IR cells were still detected at 24 weeks posttransplantation (Fig. 4~) . The P-gal-IR cells in CA3 pyramidal layer had pyramidal cell bodies, extensive apical processes extending in the stratum radiatum toward stratum lacunosum-moleculare, and basal processes descending into the stratum oriens. Time course of survival and dlrerentiation of RN33B cell transplants in adult cerebral cortex P-gal-IR RN33B cells were dispersed without order throughout the entire thickness of the neocortex (Fig. 5) . At 2 weeks posttransplantation, the majority of the detected RN33B cells were undifferentiated (Fig. 5a,b) . However, a few P-gal-IR cells had morphologies similar to those of endogenous pyramidal and stellate cortical neurons (arrows in Fig. 5a-f) . After survival intervals of 5 (Fig. 5c,d ) and 16 (Fig. 5ef) weeks, some of the transplanted RN33B cells remained undifferentiated (arrowheads in Fig. 5c ,e) or assumed bipolar morphologies. Other P-gal-IR RN33B cells differentiated with morphologies similar to those of endogenous pyramidal cortical neurons (Figs. 5dJ) . Their ovoid 'or pyramidal cell bodies ranged from 7 to 16 Frn in diameter, and they had thick apical processes extending towards the pial surface of the brain. Shorter branched, basal processes extended horizontally (Fig. 5c-f) . At 5 weeks posttransplantation, more l3-gal-IR cells were differentiated than observed at 2 weeks, but the total number of cells detected appeared not to change. Similar results were seen, at 8 and 16 weeks posttransplantation.
Quantitative analysis of RN33B cell transplants in the adult CNS Morphological criteria described above and illustrated in Figures  1 and 2 were used to classify l3-gal-IR RN33B cells in the cerebral cortex, hippocampus, and white matter into various cell types. Animals were chosen for quantitation based on the following criteria: (1) evidence of P-gal-IR cells in both hippocampus and cerebral cortex, and (2) that the entire transplant was contained within the sectioned region. To illustrate the quantitation, Table 2 presents data from a representative neonatal animal for each posttransplantation survival interval. It shows that RN33B cells were counted and classified as different cell types depending on the location and the cellular morphology in each region. In adults the total number of P-gal-IR cells in the neocortex and hippocampus did not change with longer survival times (up to 16 weeks, Fig. 6a ). While there was a trend towards an increased percentage of differentiated l3-gal-IR cells in the cerebral cortex and hippocampus with longer survival times (Fig. 6b ), these differences were not statistically significant. The percent of maximal morphological differentiation at 8 weeks (arrows) are multipolar with elaborate apical processes and extensive branching. Bipolar P-gal-IR RN33B cells are seen in the stratum oriens (so, arrowheads).
b, In neonates, P-gal-IR RN33B cells located in the subiculum are pyramidal with elaborate apical and basal processes, and structural polarity appropriate for pyramidal cells of this region. Scale bar: 50 km for a and b. posttransplantation was roughly 22% of the cells detected in the cerebral cortex and 13% of those in the hippocampus.
Time course of survival and dlrerentiation of RN33B cell transplants in neonatal hippocampus In neonates, as in adults, P-gal-IR cells were found within all regions and layers of the hippocamus spanning 2.4-3.6 mm (anterior-posterior dimension) and 1.1-2.0 mm (medial-lateral dimension). Two weeks posttransplantation, many P-gal-positive RN33B cells were detected in the neonatal hippocampal formation (Fig. 7a,b) . Some P-gal-IR cells in the pyramidal layers of CA3 (arrows in Fig. 7a ) and CA1 (arrowheads in Fig. 7a ) fields had ovoid cell bodies and extended apical processes into stratum radiatum and towards stratum moleculare, with basal processes into the stratum oriens. However, the majority of P-gal-IR cells were undifferentiated. At 5 weeks posttransplantation, fewer P-gal-positive cells were detected (Fig. 7c,d ), but more were morphologically differentiated. Figure 7d shows an example of cells in the CA3 field. Note the morphological differences between P-gal-IR cells that were located in the pyramidal cell layer where most of the cells assumed pyramidal morphologies, and j3-gal-IR cells that were located above or below the pyramidal cell layer. These latter cells remained undifferentiated or assumed bipolar morphologies. By 16 weeks posttransplantation, most P-gal-IR cells assumed phenotypes similar to neurons at the integration site (Fig. 7ef) . P-gal-IR cells with cell bodies in the granular cell layer were ovoid with several processes extending into the host molecular region (small arrows in Fig. 7e ). Other P-gal-IR cells were located in the hilus and CA3 field. Figure 7f shows a higher magnification of polymorphic P-gal-IR cells with multiple processes in the hilus (large arrows in Fig. 7e ) and cells in the pyramidal layer of the CA3 field with ovoid cell bodies, apical and basal processes, and structural polarity appropriate for pyramidal cells of this region (arrowheads in Fig. 7e ). P-gal-IR cells were still detected at 24 weeks posttransplantation (Fig. 4b ).
Time course of survival and dlrerentiation of RN33B cell transplants in neonatal cerebral cortex In the cerebral cortex of neonates, the temporal progression of RN33B cell differentiation was similar to that seen in the hippocampus. At 2 weeks posttransplantation, a large number of P-gal-IR RN33B cells were detected (Fig. 8a,b) . Some P-gal-IR cells had morphologically differentiated to resemble cortical pyramidal neurons with long apical processes extending towards the pial surface (Fig. 8b ), but the majority were undifferentiated. At 5 weeks posttransplantation, fewer P-gal-IR cells were found (Fig. 8c,d ), but many more were differentiated. A cluster of P-gal-IR cells located in the deeper layers (IV-VI) of the neocortex had pyramidal cell bodies with diameters of 10-16 km and extensive branched processes (Fig. 8d ) resembling endogenous pyramidal cortical neurons. By 16 weeks posttransplantation, most P-gal-IR cells had differentiated phenotypes (Figs. 8ef).
Quantitative analysis of P-gal-IR RN33B cell transplants in the neonatal CNS Figure 9a shows that the total number of P-gal-IR cells in neonatal hosts significantly decreased with longer survival times. , and f are higher magnification photomicrographs of regions of the fields shown in a, c, and e, respectively. At 2 weeks posttransplantation (a. b) the majority of P-gal-IR RN33B cells are undifferentiated. A few P-gal-IR RN33B cells extended large caliber apical process and extensive basal processes (arrows in a). similar to endogenous cortical pyramidal neurons. One of the cells (cunted arrow) had a fine axon-like process extending towards the white matter. At 5 weeks, many P-gal-IR RN33B cells were differentiated with morphologies similar to those of medium-sized pyramidal neurons (c, d). Note the extensive process outgrowth extending both distally and apically towards the pial surface. The arrow in c indicates the terminal arborization in the plexiform layer of processes from an P-gal-IR RN33B cell whose cell body is in another plane of focus. Some undifferentiated cells are seen (arrowheads in c) and some cells are observed in close proximity to blood vessels. At 16 weeks (e, f), more differentiated /3-gal-IR RN33B cells are seen dispersed throughout the thickness of the cerebral cortex (arrows in e and f). Some P-gal-IR RN33B cells remained undifferentiated (arrowheads in e). Scale bars: a, c and e, 200 km; b, d, andf, 100 pm. Posthoc analysis showed that all time points differed significantly with the exception of 8 and 16 weeks. At 2 weeks posttransplantation 59% of transplanted cells were detected. By 5 weeks 46% of the initial cells detected at 2 weeks remained, while only 13% of those detected at 2 weeks were observed 16 weeks after transplantation. In contrast, the percent of differentiated cells significantly increased with longer posttransplant survival times in the cerebral cortex and in the hippocampus (Fig.  SC) , so that at 16 weeks 68% of the remaining RN33B cells exhibited a differentiated phenotype in the cerebral cortex and 63% in the hippocampus. However, the total number of differentiated RN33B cells in the cerebral cortex and the hippocampus at various survival times was not significantly different (Fig. 9b) .
Discussion
Transplanted RN33B cell assume complex and variable neuronal phenotypes in the neocortex and hippocampal formation of adult and neonatal rat hosts. As observed in vitro , RN33B cells differentiate in vivo only along a neuronal phenotype. Optimal morphological differentiation into region-specific neuronal phenotypes was seen only following transplantation into the CNS. The classifications of RN33B cells are based on morphological criteria comparable to those described in earlier studies of Golgi-impregnated neurons. RN33B cells in different neuroanatomical sites assumed morphologies characteristic of endogenous neurons at the integration site or remained undifferentiated. In the hippocampus, depending on the cell layer in which RN33B cells were located, some cells assumed morphological characteristics similar to those of endogenous CAl, CA3, and subiculum pyramidal neurons and granule cell neurons in terms of the shapes of their cell bodies a 10000 and the number, pattern, and orientation of neuritic processes and their structural polarity (Bayer, 1980; Gahwilar, 1984; Frotscher et al., 1988) . In the cerebral cortex, the morphologies of differentiated RN33B cells were consistent with those of cortical pyramidal neurons and polygonal cells of the first cortical layer and polymorphic cells of the deep layer of Golgi (Ramon y Cajal, 1988) . In white matter, RN33B cells remained undifferentiated or became spindle-shaped, bipolar cells. Double staining for GFAP and X-gal indicated that transplanted RN33B cells did not differentiate to an astrocytic phenotype. Moreover, recent ultrastructural results have detected synapses on P-gal-IR processes in both the cerebral cortex and hippocampus (L. S. Shihabuddin, M. B. Bunge, V. R. Holets, and S. R. Whittemore, unpublished observations), consistent with a differentiated neu- ronal phenotype of the transplanted RN33B cells. These data neonatal CNS can differentiate into both neuronal and glial cell demonstrate that RN33B cells morphologically differentiate in types characteristic of the specific host regions. Renfranz et al. response to regional microenvironmental cues, rather than fol-(1991) and Snyder et al. (1992) saw neuronal differentiation low a predetermined developmental fate.
only into neuronal phenotypes that were undergoing neurogePrevious studies have demonstrated that immortalized, plurinesis at the time of transplantation. In contrast, Gao and Hatten potent, neuroepithelial precursor cell lines transplanted into the (1994) described differentiation into multiple neuronal pheno- types, both mitotically active and postmitotic, following transin both adult and neonatal hippocampus and cerebral cortex into plantation of pluripotent granule cell precursors back into the cell types that are born prenatally or postnatally (Altman and cerebellum. All three groups defined multiple glial phenotypes. Bayer, 1990a,b; Bayer et al., 1991) . We interpret these differSimilarly, we observed neuronal differentiation of RN33B cells ences between the data to reflect intrinsic differences between the respective neuroepithelial precursor cell lines. Variables such as the lineage stage of the infected precursor, the transforming gene used, and the site of retroviral integration all influence the terminal differentiated phenotype of the transplanted precursor cell line (Whittemore et al., 1995) . The fact that RN33B cells differentiate only into neurons likely reflects their initial immortalization at a developmental stage where they had already committed to a neuronal lineage. Consistent with this interpretation, peak neurogenesis in the raphe nucleus occurs between E13-14 (Lauder and Bloom, 1974) and RN33B cells were derived from El3 raphe nuclei. The ability of RN33B cells to differentiate with multiple morphologies in the hippocampus and cerebral cortex indicates that while these cells are neuronally restricted they have not yet become committed to one single neuronal phenotype. This conclusion is supported by in vivo data of cortical transplants of fetal tissue that suggest an early, transient, period during which the ultimate phenotype assumed by uncommitted, neuronally restricted precursor cells remains sensitive to environmental factors in the host (Barbe and Levitt, 1991) .
Both genetic and extrinsic factors may regulate the lineage choices of multipotential progenitors (Anderson, 1989; McKay, 1989) and the area-specific distinctions of cerebral cortical neurons (Rakic, 1988; O'Leary, 1989) . Transplantation experiments have shown that the host tissue environment may alter the differentiation and neural connections of transplanted, developing donor cells (Frank and Wenner, 1993; O'Leary and Koester, 1993) . Multiple growth factors are responsible for neuronal survival and differentiation (Cattaneo and McKay, 1990; Chao, 1992; Collazo et al., 1992; Segal et al., 1992) . The high levels of p7PrR, the presence of trkB mRNA, the expression of fulllength trkB receptor , the induction of c-fos mRNA in response to BDNF treatment (data not shown), and the precise spatial differentiation of RN33B cells in CNS areas which produce high levels of BDNF and/or NT-3 and NGF (Enfors et al., 1990; Maisonpierre et al., 1990) , suggest that neurotrophin(s) may be also involved in RN33B differentiation in vivo.
Embryonic cerebellum transplants into the cerebellum of adult Purkinje cell degeneration mutant mice properly differentiate and integrate into the host circuitry (Sotelo and Alvarado-Mallart, 1986) . Transplanted NTera2 cells, a human tetratocarcinoma cell line capable of neuronal differentaition, establish molecular and structural polarity following transplantation into the adult rat brain (Trojanowski et al., 1993) . Furthermore, long interfascicular growth of axons from ectopic embryonic neurons is observed along fiber tracts of adult brain and spinal cord (Fujii, 1991; Davies et al., 1993 Davies et al., , 1994 , indicating that the microenvironment of the adult host tracts provides sufficient cues to induce axon elongation in neurons that do not normally project through those specific tracts. Collectively, these data suggest that the adult CNS has the potential to direct the specific integration and differentiation of immature embryonic neuronal precursor cells. RN33B cells survive in both neonatal and adult hosts for ~6 months without forming tumors or otherwise distorting the organization of the host brain. While the phenotypes assumed by RN33B cells were similar in adult and neonatal hosts, there was a difference in the temporal pattern of survival and differentiation. There was an initial period of cell loss shortly after transplantation in adult hosts, but the total number of RN33B cells stabilized by 2 weeks posttransplantation. In contrast, more RN33B cells were seen at early posttransplantation times in neonatal hosts, but the total number of RN33B cells decreased with longer survival times. The increased initial survival of transplants within young hosts, is consistent with results with primary CNS grafts (Gage et al., 1983; Crutcher, 1990) . By 16 weeks, the total number of RN33B cells was same in both adult and neonatal hosts, constituting about 6% of the total number of cells transplanted. The low number of surviving RN33B cells in adult and neonatal rat hosts at 16 weeks posttransplantation is also consistent with results from primary neuronal transplants where < 10% of the neurons routinely survive (Brundin and BjGrklund, 1987) , but may also be due to the facts that RN33B cells were transplanted into an intact CNS. A recent study demonstrates that prior hippocampal lesion significantly improved fetal hippocampal graft survival (Shetty and Turner, 1995) , presumably through induction of additional trophic support (Cotman et al., 1985) .
The quantitative data represent the minimum estimate of surviving cells since exogenous gene expression driven from the murine Maloney leukemia virus (MMLV) LTR, such as the vector used here, has the potential to downregulate in vivo (Palmer et al., 1991; St. Louis and Verma, 1988; . However, these data do reflect the relative cell numbers and the extent of differentiation of transplanted, RN33B cell: after variable survival times within and between different age groups. The percentage of morphologically differentiated RN33B cells in adults increased with longer survival times, but did not exceed 27% of remaining cells, whereas, the percentage of differentiated RN33B cells in neonates increased with longer survival times, reaching a maximum of 68% at 16 weeks posttransplant. As the total number of differentiated cells did not apparently change over time, the increase in the percent of differentiated cells was due to the loss of undifferentiated cells, suggesting that differentiated RN33B cells survive for long times in vivo. Moreover, 2 weeks was sufficient for the initial morphological differentiation of transplanted, RN33B cells in the neonatal CNS. One explanation for these data would be that endogenous levels of specific neurotrophic factors (Maisonpierre et al., 1990; Korsching, 1993) , extracellular matrix (Sanes, 1989; Letourneau et al., 1994) and/or cell surface molecules (Stichel and Miiller, 1992; Goodman and Shatz, 1993) have distinct patterns of spatial and temporal expression in the adult and neonatal CNS, and may differentially support the survival and differentiation of RN33B cells. The observed differences between adult and neonatal transplants further suggests that a distinct set(s) of effector molecule(s) was responsible for RN33B cell survival and differentiation.
Our results indicate that transplanted, immortalized, neuronal precursor cell lines are capable of extensive interactions with the host cells. Importantly, these cells survive chronically in both the adult and neonate CNS and maintain their differentiated neuronal phenotype. Such cell lines can be used in a variety of experimental paradigms to investigate discrete issues of developmental plasticity. Ultimately, appropriately derived immortalized cell lines may prove therapeutically useful as a means to replace endogenous CNS neurons lost as a result of trauma or neurodegenerative disease. This could result both because of the inherent plasticity of these neuronal cell lines, and more importantly, because of the capacity of the adult CNS to precisely direct specific differentiation and integration of the transplanted cells.
